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Abstract 

HLA-G and E are non classical human MHC class I molecules. They may promote tolerance 

leading to virus and tumour immune escape. We recently described that the herpes simplex 

virus type 1 (HSV-1), a neurotropic virus inducing chronic infection and neuron latency, and 

rabies virus (RABV), a neuronotropic virus triggering acute neuron infection — up-regulate 

HLA-G expression in human neurons (NT2-N). Surface expression was only detected after 

RABV infection. We investigated here whether RABV and HSV-1 up regulate HLA-E 

expression in human neuronal precursors (Ntera-2D/1). We found that RABV and -not HSV-

1- up regulates HLA-E expression, nevertheless HLA-E could not be detected on the surface 

of RABV infected Ntera-2D/1. Altogether these data suggest that HLA-G and not HLA-E 

could contribute to the immune escape of RABV. In contrast, there was no evidence that these 

molecules are used by latent HSV-1infection. Thus, neurotropic viruses that escape the host 

immune response totally (RABV) or partially (HSV-1) regulate HLA-G expression on human 

neuronal cells differentially. 
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INTRODUCTION

Viruses have developed strategies to facilitate their own dissemination by escaping attack by 

T and NK cells [1]. Some viruses induce the apoptosis of T or NK cells by increasing the 

production of immunosubversive molecules in the tissues they infect, resulting in the 

inactivation of T cells expressing receptors for these molecules. One such molecule, the 

Ligand of Fas, FasL, has been shown to be involved in the killing of migratory T cells into the 

nervous system (NS) in rabies virus (RABV) infection [2, 3]. HLA-G, a non classical MHC 

molecule which expression in cells is up regulated following infection with human 

cytomegalovirus (HCMV), human immunodeficiency virus (HIV-1) and RABV could also 

contribute by a similar mechanism to the immunoevasion of these viruses [4-8]. In addition, 

HIV-1 and HCMV up regulate the expression of another non classical MHC class I molecule, 

HLA-E at the surface of the infected cells leading to the protection of the infected cells from 

NK lysis [9] [10] [11-13]. 

 Thus, the capacity of HLA-G to kill T and NK cells through the binding to the inhibitory 

receptor KIR2DL4 expressed by NK cells [14-16] or through the binding to CD8 molecules 

present on T cells [17]- and the capacity of HLA-E to modulate NK function, via its binding 

to NKCD94/NKG2A receptors [18-20] have been hijacked by viruses to sneak through the 

innate and adaptative host immune responses. 

HLA-G and HLA-E are two non classical Class I (Ib) molecules with a low level of 

polymorphism. Seven HLA-G isoforms - four membrane-bound (HLA-G1, G2, G3 and G4) 

and three soluble (HLA-G5, G6 and G7) isoforms-, obtained by means of alternative splicing 

of a single primary transcript [21] have been identified. The most studied are the membrane-

bound HLA-G1 and soluble HLA-G5 isoforms. Both are associated with 2 microglobulin 

[22]. HLA-G, which was originally thought to be present exclusively in the human placenta 

[23, 24] has also been detected in brain and neural cells [25, 26] including human neurons[8]. 
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HLA-E is ubiquitously transcribed in most human tissues. It is associated with the 

2microglobulin. Surface expression of HLA-E is usually weak suggesting that post 

translational mechanisms regulate its expression. 

The question whether the HLA-E can be employed by neurons during infection of the NS by 

viruses which are known to escape the adverse host immune response such as RABV [2, 3, 8, 

27] or not such as latent strain of HSV-1 (KOS virus) was challenged here. We therefore 

investigated whether RABV and HSV-1 infected human neurons express HLA-E and whether 

HLA- E molecules reach the cell surface of the infected neurons. 

MATERIALS AND METHODS 

Antibodies and reagents 

Mouse mAb MEM-G/09 specific for the native 2-microglobulin-associated HLA-G forms 

(corresponding to the native HLA-G1 and HLA-G5 isoforms) [28, 29], MEM-E/07 specific 

for the native HLA-E and MEM-E/02 [28] specific for the HLA-E denaturized heavy chain 

(43kDa) molecules were from Exbio. Isotype-matched irrelevant mAbs were obtained from 

Serotec. Biotinylated W6-32 was from Leinco-Biotechnologies. Phycoerythrin (PE)-

conjugated streptavidin were purchased from Dako. FITC-conjugated rabbit anti-RABV 

nucleocapsid Ab was obtained from Biorad. Pan-ERK antibody was from BD Transduction 

Signal. Fluoromount-G was obtained from Southern Biotechnology Associates. Alexa Fluor 

594-conjugated goat anti-mouse Ab was purchased from Molecular Probes. Biotinylated anti-

mouse IgG was obtained from Amersham. Cell-fix and Fc-Block (rat anti-Fc III/II receptor 

mAb) were purchased from BD Biosciences. Phosphate Safe extraction Buffer was from 

Novagen. Protease inhibitor cocktail and Pefabloc SC were obtained from Roche. Hot Start 

Taq polymerase and RNeasy Protect kits were purchased from Qiagen. Superscript II RT was 

obtained from Invitrogen. Agilent RNA Nano LabChips were purchased from Agilent 
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Technologies. Protran BA83 Cellulose nitrate 0.2µm membranes were from Shleicher-

Schuell.

Human cells and viruses.

Ntera-2D/1 cells (ATCC CRL, 1973) are human neuronal precursors from which human 

neurons-NT2-N- or mixed cultures of neurons and astrocytes- NT2-N/A- can be differentiated

using two different types of differentiation protocols as previously described [8]. M8-pcDNA 

a HLA-A, B, C, E positive but HLA-G negative melanoma cell line [30] transfected with an 

hygromycin resistant vector was used as a HLA-E positive control cells. 

The laboratory strain CVS (ATCC vr959), a highly pathogenic RABV strain [31] was 

propagated as previously described [32]. The latent HSV-1 strain KOS [33] was propagated 

on U373MG. Cells were infected at a multiplicity of infection (MOI) of three if required.

Analysis of gene expression after RABV or HSV-1 infection

 NT2-N/A cells were non-infected or infected with RABV. RNAs were isolated 24h later 

from both infected and non-infected cultures by using the RNeasy Kit. Duplicate samples 

obtained two weeks apart were used to exclude experimental variations. Control quality was 

monitored on Agilent RNA Nano Labchips. Gene expression profiles were analyzed using 

Affymetrix microarrays (U133 plus2.0) containing probe sets representative of the whole 

human genome. Experiments were done at the Génopole Strasbourg-Alsace-Lorraine 

(http://www-genopole.u-strasbg.fr/) by Affymetrix standard protocols 

(http://www.affymetrix.com/support). Detected probe sets were selected according to the 

"presence calls" and the fold changes were established by Affymetrix software (Microarray 

Suite v5.0 and Data Mining Tool v2.0). Only significantly changed probe sets (p<0.05) were 
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considered. Up-regulated genes were distributed into clusters of cell functions using Net 

Affyx and Gene Ontology Mining tool Softwares. 

Standard RT-PCR

Total RNA was extracted with RNeasy kits 18 h (HSV-1) or 24 h (RABV) after infection. 

RNA quality was monitored using Agilent RNA Nano Labchips. The first-strand cDNA was 

synthesized with oligodT primers. 18S rRNA was used as a reference (housekeeping gene). 

Infection efficiency was assessed by PCR, amplifying HSV-1 UL54 or RABV N. RT-PCR was 

carried out as described in the 13th HLA Workshop report [34] using oligo (dT) primers, and 

for HLA-E: the primers couples E.251F : 5'-ACACGGAGCGCCAGGGACAC -E.1272R : 5'-

GTGTGAGGAAGGGGGTCATG (amplicon size 1021 bp), E.251F : 5'-

ACACGGAGCGCCAGGGACAC – HLA-E R 5’-ATCATTTGACTTTTGCTCGGA 

(amplicon size 258 bp). The X174 DNA HaeIII digested was used as molecular weight 

markers. 

Detection of total HLA-G, HLA-E and viral antigen 

Infected and non-infected Ntera-2D/1 cells were used to seed 12 mm-diameter glass 

coverslips (5-7x105cells/coverslip) 16h before infection. After 48h (RABV) or 18h (HSV-1) 

of infection, cells were washed once with Ca2+Mg2+-PBS, fixed by incubation in 4% PFA for 

30 min at room temperature (Rt), washed again and briefly treated with gelatin solution (1% 

in water) for 5 min at 4°C. The cells were then incubated for 30 min at Rt in 0.3% Triton-

X100 in PBS and washed. The surface Ig receptors were blocked by incubation with 

saturating medium (SM) (2% BSA and 5% FCS in PBS) for 30 min at Rt followed by Fc-

block (1 g/106 cells) for 10 min. Total HLA-G or (membrane-bound and intra-cytoplasmic 

accumulation of HLA-G molecules) was detected by incubation with MEM-G/09 and total 
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HLA-E with MEM-G/07 (1 h at Rt) followed by Alexa 594-conjugated goat anti-mouse Ab 

(1/200). Viral antigen levels was detected in the same series of experiments by incubating 

fixed cells with FITC-conjugated rabbit Ab directed against RABV (1/30) or against HSV-1 

proteins (1/10) for 30 min at Rt. Nuclei were stained with Hoechst 33342. Antibodies and 

reagents were diluted in SM. Cells were washed with Ca2+Mg2+-PBS and then rinsed in water.

Coverslips mounted in Fluoromount-G were analyzed under a Leica DM 5000B UV 

microscope equipped with a DC 300FX camera. Images were processed with Leica FW 4000 

software.

  

Detection of HLA-A, B, C and HLA-E at the cell surface

Live (not fixed) cells were used for the detection of HLA molecules at the cell surface. 

Infected and non-infected cells (5x105cells) were gently detached from the support, washed in 

Ca2+Mg2+-PBS and incubated with Fc-Block, followed by MEM-G/02 (HLA-E), biotinylated 

W6-32 (-chain of HLA-A, B and C) mAb or the isotype-matched control Ab diluted in 

staining buffer, (PBS, 1% FCS, 0.1% sodium azide) for 30 min each at 4°C. Cells were 

washed and incubated for 30 min at 4°C with biotinylated anti-mouse Ab, followed by PE-

conjugated streptavidin (both in staining buffer). For detection of W6-32, the biotinylated 

reagent was omitted. Cells were washed again and resuspended in Cell Fix (1/10 in staining 

buffer) to be analyzed by flow cytometry, using a BD Biosciences FACScalibur equipped 

with Cell Quest Pro software. HLA expression was detected in 104cells gated to exclude dead 

cells and cell debris. Levels of HLA expression in this cell population were assessed by 

determining the frequency of events with FITC signals exceeding a given threshold. Specific 

fluorescence indices (SFIs) were calculated by dividing the mean fluorescence for infected 

cells by the mean fluorescence obtained for a similar number of uninfected cells. SFI values 

greater than 1.25 were considered positive.
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Detection of HLA-E by immunoblotting

Non-infected or RABV infected Ntera-2D/1 were lyzed in Phosphosafe extraction buffer in 

presence of protease inhibitor cocktail. Proteins were separated by SDS electrophoresis

PAGE. Transferred proteins on Protran BA 83 Cellulose/Nitrate 0.2 µm membranes were 

incubated with MEM-E/02 followed by peroxydase-conjugated anti-mouse Ab. ERK (53kD) 

was used as an internal standard. Bands were revealed with ECL+ and quantified with 

FujiFilm Intelligent DarKII LAS 1000. 

RESULTS 

RABV up regulates the expression of classical and non classical HLA transcripts in 

human neuronal cells. 

A transcriptome analysis was carried out after RABV infection of neuronal cells by using 

Affymetrix U133 plus2.0 chips. This study was undertaken in mixed cultures of neurons and 

astrocytes (NT2-N/A) derivated from the human neuronal precursor Ntera-2D/1 either non 

infected or infected with RABV (24h). A cut off of a 2-fold increase was used to identify up 

regulated genes by microarray analysis: RABV-infection up regulated the expression of 2241

genes [35]. Among the up regulated genes, some genes of the MHC class I family were 

amplified by RABV infection. As shown in Table 1, RABV infection of NT2-N/A increased 

the expression of classical MHC class I molecules of HLA-A, -B and -C genes by 5.1, 7.2, 7.2 

fold respectively and the expression of the non classical class I molecules HLA-E, -F and -G

genes by 13.4, 6.7 and 6.5 fold respectively. HLA-H (named also HFE) was absent from 

NT2N/A transcriptome. Among the related MHC class I molecules, MICB gene transcription

(x 2.5) but not MICA was also up regulated during RABV infection. 
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HLA-E was the gene which transcription was the most increased by RABV infection (x 13.4) 

In striking contrast, in the same conditions of culture and analysis, transcription of HLA-E 

was not amplified in NT2-N/A cultures infected by HSV-1 (data not shown) 

Thus HLA-E expression in cultures of human neuronal precursors infected by RABV was 

investigated in more details. 

RABV and not HSV-1 up regulated HLA-E transcription in human neuronal cultures

We used RT-PCR to validate the expression patterns detected by microarrays. Human neurons 

(NT2-N) were infected for 24h with RABV and 18h with HSV-1. RNAs were extracted. 

Virus infections were monitored by RT-PCR, using pairs of primers specific for the N gene of 

RABV, for the UL54 gene of HSV-1 (data not shown). HLA-E gene transcription was studied 

by RT-PCR using two sets of primers (Figure 1A and 1B). M8pcDNA cells were used as 

control of HLA-E expression and 18S as a housekeeping gene (Figure 1C). The data clearly 

indicated that HLA-E transcription was up regulated after RABV and not after HSV 

infections. The fact that increased transcription of HLA-E gene was observed also by RT-PCR 

confirmed the results of transcriptome analysis. 

RABV upregulated the HLA-E and HLA-G protein expression in RABV infected 

human neuronal cells

Cultures of Ntera-2D1 were either non-infected or infected with RABV for 24h. 

Immunoblotting using the MEM-E/02 mAb allowed the detection of HLA-E protein (42kDa) 

in RABV infected Ntera-2D/1 extracts and not in non-infected ones (Figure 2A). 

Immunocytochemistry analysis using the MEM-E/07 mAb also allowed HLA-E detection in 

M8pcDNa cells (Figure 2B) as well as in RABV infected Ntera-2D/1 (Figure 2C a-d), 

whereas HLA-E was not expressed by non infected cells (Figure 2C e-h) nor in HSV-1 
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infected cells (data not shown). Using the HLA-G specific MEM-G/09 mAb, RABV infection 

was found to up regulate HLA-G expression in human neuronal precursors (Figure 3) as 

found in human NT2-N cells [8].

HLA-E molecules did not reach the surface of RABV infected

Cytofluorimetry analysis was performed on permeabilized RABV-infected cells to detect 

HLA intracellular expression (Left panels of Figure 4) and on non permeabilized RABV-

infected cells (Right panels of Figure 4) to detect surface expression. Both internal and 

surface expression of HLA-A, -B or -C (detected with the W6-32 mAb) increased with RABV 

infection. In contrast, despite a strong up regulation of intracellular expression of HLA-E

surface expression of HLA-E was unchanged in RABV infected and non infected cells. In

contrast, in the same staining conditions, HLA-E could be detected on the surface of 

M8pcDNA (bottom panel of Figure 4). This indicates that despite over expression of HLA-E 

in the cytoplasm , HLA-E molecules did not reach the surface of the RABV-infected cells 

(Figure 4).

Discussion 

This study showed that RABV infection triggers the transcription of several class I MHC 

products including classical (HLA-A, -B and -C) and non classical (HLA-E and -G ) 

molecules in human neuronal cultures. Activation of gene transcription upon RABV infection 

led to the production of corresponding proteins. These molecules can reach the cell surface in 

the case of classical MHC molecules and HLA-G (this study and[8]) and not of HLA-E which 

remained localized into the cytoplasm of the infected cells. 

HLA-E gene is ubiquitously transcribed in most tissues. This should not be the case of human 

neurons since in absence of infection, HLA-E transcription was almost undetectable in human 
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neuronal cells. Up-regulation of HLA-E transcription in neurons was a specific pattern of 

RABV infection since HSV-1 has no effect on HLA-E expression. Factors which control 

HLA-E transcription in RABV infected neurons are unknown.  IFN which has been shown 

in other cell types to control HLA-E transcription through an upstream STAT-1 binding site 

[36, 37] is probably not involved in HLA-E control by RABV since this virus does not trigger 

IFN- transcription in human neurons [8, 38]. We have previously shown that HSV-1 and 

RABV infections modulate the expression of the HLA-G gene in different ways: HSV-1 up 

regulated mainly the isoforms HLA-G5 and G3, whereas RABV up regulated mainly HLA-

G1[8]. This emphasizes that human neurons use sophisticated patterns of HLA-G and E 

regulation and that HSV-1 and RABV could be appropriate tools for their analysis. 

In contrast to classical MHC class I which surface expression was increased by RABV 

infection, HLA-E molecules could not be detected on the cell surface, suggesting they cannot 

be exported. Such a pattern has been observed in human tumours which may not express 

HLA-E on cell surface despite the expression of HLA class I, presence of intracellular HLA-

E, HLA-E transcript and expression of 2 microglobulin [39]. Surface expression of HLA-E, 

which is usually weak, can be limited by at least two factors. Surface expression of HLA-E 

required association with leader peptides derived from HLA-C, HLA-G and -A molecules in a 

TAP dependent manner (42-45). HLA-E surface expression is also dependent on availability 

of 2 microglobulin. HLA-E is known to have a weaker affinity for 2 microglobulin 

resulting in competition for 2 microglobulin in favor of other HLA class I a [39]. The export 

of HLA-A, -B and -C at the surface of the infected neurons and not of HLA-E could reflect 

the competition between HLA-E and other MHC Class I for 2 microglobulins. In the case of 

cells infected by viruses, such as HIV, CMV and hepatitis C virus, HLA-E surface export is 

favored by its association with virally encoded peptides showing homology with HLA class I 

leader peptides. These peptides are used in place of the MHC class I leader peptides, whose 
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expression are down regulated by these viruses. In absence of surface expression of MHC 

class I, HLA-E export to the surface and functional recognition of HLA-E by the 

CD94/NKG2A molecules expressed by NK cells protect the infected cells form NK lysis [11, 

13, 40]. In HCMV infected cells, HLA-E only acquires a CD94/NKG2A receptor 

conformation if a ligand derived from the UL40 signal sequences of HCMV is bound. 

VMAPRTLIL is the UL40 HCMV sequence which stabilizes HLA-E expression [13]. Such 

sequence and derivated ones are not encoded by any RABV proteins (data not shown). This is 

consistent with the absence of HLA-E surface expression in RABV infected neurons. Thus it 

is unlikely that up regulation of HLA-E constitutes a protective mechanism against NK lysis. 

This mechanism functions in cells infected by viruses which down regulate classical MHC 

class I from the cell surface. Expression of classical MHC class I molecules is not down 

regulated by RABV expression, indicating that RABV infected neurons have little chance to 

be targeted by NK cells which presence in human rabies have been detected but whose 

protective function against the virus progression is dubious [41, 42]. 

Functional studies have identified FasL and HLA-G as important mediators of immune 

tolerance [23, 24, 43, 44] [45-47]. RABV was found to up regulate FasL and membrane-

bound HLA-G1 molecules, thereby potentially impeding host antiviral responses based on T 

cells. We suggest that HLA-G1 and FasL expression on the surface of neural cells –neurons 

and others including astrocytes) during RABV infection protects infected cells against T 

surveillance, contributing to the establishment of a local subversive environment adverse to 

the host immune reaction (Figure 5). In contrast, latent HSV-1 does not seem to use such up 

regulation of HLA-G on the cell surface nor to export HLA-E to the cell surface despite a 

down regulation of the classical MHC class I molecules. Defects in surface HLA-G 

expression or expression at too low a density, as well as absence of HLA-E shield against NK 

surveillance may maintain immune pressure, leading to latency. 



13

It is intriguing to note that RABV infected neurons and tumors are two conditions in which 

HLA-E is actively transcribed and where HLA-E proteins accumulate in the cytoplasm. Given 

the remarkable degree of conservation of HLA-E, HLA-E control during viral infections and 

tumorgenesis may indicate a possible wider biologic role of HLA-E [48] which remains to be 

defined. 

Acknowledgments 

This work was supported by internal grants of the Pasteur Institute and CEA. 



14

Table 1 

Gene Symbol Name Affymetrix
Fold 

RABV 
NT2-N/A 

HLA-A
Major 

histocompatibility 
complex, class I, A

215313 5.1

HLA-B
Major 

histocompatibility 
complex, class I, B

208729 7.2

HLA-C

Major 
histocompatibility 
complex, class I, C 

(alpha chain)

211799 7.2

HLA-E
Major 

histocompatibility 
complex, class I, E

200904 13.4

HLA-F
Major 

histocompatibility 
complex, class I, F

204806 6.7

HLA-G
Major 

histocompatibility 
complex, class I, G 

217436 6.5

   MICB
MHC class I 

polypeptide related 
sequence B

206247 2.5
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Legends 

Figure 1 RABV and not HSV-1 upregulate HLA-E expression in neuronal cells. HLA-E

transcript levels were analysed in N.I., HSV-1 or RABV-infected NT2-N cells and in 

M8pcDNA a HLA-E expressing cell line, by RT-PCR, using two sets of HLA-G primers: A) 

E 251 F / HLA-E R -amplicon size 258bp- or B) E251 F/ E1272 R -amplicon size 1021bp. C) 

18S, a housekeeping gene, was used for normalization. MW is for molecular weight.

Figure 2 RABV triggers HLA-E expression in human neuronal precursors.

A) HLA-E protein expression was monitored in NI and 24h RABV infected Ntera-2D/1 

extracts by immunoblotting using MEM-E/02 mAb. HLA-E (42kDa) expression could be 

detected in RABV infected cells and not in NI. ERK (53kDa) was used as an internal marker. 

B and C) HLA-E expression was detected by immunocytochemistry using MEM-E/07 mAb 

(red) in B) the HLA-E expressing M8pcDNA cells and C) RABV infected Ntera-2D/1 (Ntera) 

cells (C, a-d) but not in the non-infected (NI) cells (e-h). Nuclei appeared in blue with the 

Hoechst staining (a, d, e and h). Viral antigens are in green (c and d). Control consists in 

staining with an irrelevant mAb. Bars represent 10 µm. 

Figure 3 RABV triggers HLA-G expression in human neuronal precursors

HLA-G expression was detected by immunocytochemistry using MEM-G/09 mAb (red) in 

RABV infected Ntera-2D/1 cells (a-d) but not in the non-infected (NI) Ntera-2D/1 cells (e-h). 

Nuclei appeared in blue with the Hoechst staining (a, d, e and h). Viral antigens are in green 

(c-d). Bars represent 10 µm. 
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 Figure 4. HLA-E proteins are not exported at the surface of the infected neuronal 

precursors. Intracellular and surface expression of HLA-E were determined by 

cytofluorimetry. Permeabilized (left panels) and non permeabilized RABV infected and NI 

Ntera-2D/1 (right panels) were stained with MEM-E/07 (detection of HLA-E) and with W6-

32 mAb (detection of HLA-A, B and C). Intensity of fluorescence was monitored with a 

cytofluorimeter in NI (solid histogram) and in RABV infected cells (lines).. Capacity of 

MEM-E/07 Ab to detect HLA-E cell surface was checked on M8pcDNA- a cell line naturally 

expressing HLA-E and not HLA-G-(bottom panel). Non permeabilized M8pcDNA were 

stained with MEM-E/07 (line) or with irrelevant Ab MEM-G9 (solid histograms).

Figure 5 Role of HLA-G1/5 and FasL in the immunoevasive strategy of RABV. 

Upregulation of HLAG1/5 and FasL in the infected neurons [2, 8] and in astrocytes [8] in the 

neighborhood may create a local immunosubversive environment in the infected nervous 

system which may contribute to destruction of T cells and participate to the immunoevasive 

strategies elaborated by RABV. Despite the upregulation of HLA-E expression in the 

cytoplasm of the infected neurons, HLA-E molecules which do not reach the cell surface do 

not participate to the immunoevasive strategy of RABV. Similarly, HLA-G which 

transcription and cytoplasmic expression is increased in human neurons infected by a latent 

strain of HSV-1 would not confer any protection against T and NK cell lysis since HLA-G 

molecules do not reach the surface of the latently infected neurons. 
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